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Abstract: AgNWs were produced by the one-pot polyol method, and it had been produced by reduction of AgNO3 by
ethylene glycol in presence of polyvinylpyrrolidone (PVP) and KCl at high temperature of about 160 oC. AgNWs
suspension were purified by centrifuging at 3000 rpm for three times then re-depressed in deionized water with a
concentration of 1%. The purified suspension was diluted to different concentrations (2-5) mg. mL-1 using 1% of hydroxy
methylcellulose to design different AgNWs transparent conductive films (AgNWs-TCFs). AgNWs suspension inks were
coated on the glass and polyethylene terephthalate (PET) substrates. Different AgNWs diameters were obtained by
changing the synthesis conditions. It has been observed that the wire diameter will greatly affect both the optical and
electrical properties of the obtained AgNWs-TCFs. The best obtained AgNWs-TCFs had high transparency of about 91.5
%, small sheet resistance of about 14 .03 Ω and optical haze less than 2%, which met the requirements for the manufacture
of optoelectronic and sensor equipment.
Keywords: Silver nanowires, transparent conductive electrode, flexible electrodes, polyol method, AgNWs size control,
AgNWs size-dependent and one-pot synthesis.

1. Introduction
Flexible transparent conductive film (FTCF) is now an
important part of many flexible electronic devices. (FTCF)
based on the silver nanowire (AgNWs) network has
received widespread attention due to its comprehensive
optoelectronic properties and is expected to become a new
generation of transparent conductive film materials. Due to
the simplicity of production and processing, printed
electronics technology has become a popular method for
producing low-cost, high-quality flexible electronic
devices. Transparent conductive electrodes are the
fundamental components of touch screens, light-emitting
diodes, smart windows, and solar cells[1-3]. Because it is
extremely conductive and transparent, indium doped in tin
oxide (ITO) is the main material of choice for transparent
conducting films in flat-panel displays, organic solar cells,
and organic light-emitting diodes[3, 4]. It has a sheet
resistance of 10 ohm/sq at a transmittance of 90% (λ= 550
nm). However, indium is a rare material, fragile, expensive
and requires a vapor coating process for its production that
is 1,000 times slower than newspaper printing.[5]. These
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issues have prompted a quest a lot of researchers for
flexible ITO replacements that can be deposited from
liquids at high coating speeds. The alternative materials
which been studied such as conductive polymers (CP)
poly(3,4-ethylene dioxythiophene)poly(styrenesulfonate)
[6-8], carbon nanotubes (CNT) [9], polymer-metal hybrid
transparent electrode[10, 11], metals nanowires (MNWs)
[12], Cupper nanowires,[13-15], films of silver nanowires
AgNWs currently have the highest transmittance and a high
conductance [16-19].
Recently, Silver nanowires are used in many modern and
important applications such as solar cells [20], flexible
electronic devices [21], touch screen panels [22],
electrochromic devices [23], supercapacitors [24],
electromagnetic interference (EMI) shielding materials [25]
and conductive electrodes [26]. AgNWs is a onedimensional linear material with a high aspect ratio (length
to diameter ratio), which is directly related to its production
technique. Moreover, flexible conductors are not only used
in electronic fields but have been widely used in biological
fields[27], water splitting bifunctional electrocatalysts[28]
and dye degradation [29]. Based on this, it is worth
mentioning the research and development in the design of
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flexible electrodes and AgNWs are one of the most
common materials used in designing of flexible electrodes.
So far, a lot of methods have been applied to synthesize
AgNWs and to improve the morphological structure.
Hydrothermal [30], DNA templates [31], wet chemical
synthesis [32], electrochemical [33] and polyol method[31]
are the main methods used. In terms of low cost, high
aspect ratio and controllability of morphological structure,
polyol technology is the most impressive method for
synthesizing silver nanowires. This reaction had been done
by heating via the reduction of a metal salt by a polyol in
presence of poly(vinylpyrrolidone) (PVP). The first
preparation of nanoparticles by polyol process had been
done by F. Fievet et al., in 1989 [34]. A lot of researchers
have modified this technique to simplify the synthesize
AgNWs with different morphologies and high aspect ratio
[35-38].
Herein, synthesis of AgNWs with a high aspect ratio
of more than 1700 had been done successfully by the onestep polyol method, the produced AgNWs ink was purified
and formulated to be coated on different substrates. The
optical and electrical properties were calculated for
different AgNWs-TCFs.

glass substrate. The flexible AgNWs transparent electrodes
were prepared by coating AgNWs on a polyethylene
terephthalate (PET). Firstly, PET is immersed in hydrogen
peroxide for 2 hours to make it hydrophilic, and then
washed with ethanol several times. The coating of AgNWs
on the pretreated PET was done by using of Meyer rods.
2.3 Morphological characterization
Scanning electron microscope (SEM) images were
captured using a Joel (Tokyo, Japan) JSM 5600 LV
scanning electron microscope equipped with Oxford
Instruments 6587 EDX microanalysis detector, and X-ray
diffraction (XRD) Spectro-ray diffractometer was obtained
using a Philips PW 1710 (Japan) V-530 X (Cu; K radiation
at 40.1V and 30mA, = 0.154 nm). UV-Vi spectrum analysis
has been performed by using JASCO Model V-530 (Japan).
3. Result and dissuasion
A typical synthesis of AgNWs according to polyol
method in which glycerol is used as a both a solvent and a
reducing agent at a high temperature of about 160ºC can be
represented according to the following chemical equations:

2. Materials and methods:
All chemicals with high-quality analytical-grade products
(Silver nitrate (AgNO3), polyvinylpyrrolidone (PVP) (Mo.
Wt. 40,000), glycerol and KCl) were purchased from Sigma
Aldrich and used without further purification.
2.1 Synthesis of AgNWs:
Silver nanowires were synthesized in one step polyol
method [39]. 10 milliliters of Ethylene glycol (EG), 5
milliliters of KCl (0.005 grams of KCl in 5 milliliters of
EG), 0.3 grams of PVP solution (50 percent in EG), and
0.15 g AgNO3 were mixed in one container. The
temperature adjusted to 160 °C. Following that, the
temperature is maintained at 160 °C until the appearance of
AgNWs with the desired gray color then the reaction was
stopped by using an ice bath. The AgNWs product was
cleaned by centrifuge at 2000-3000 rpm according to the
size of the wires three times, then re-dispersed in deionized
water. Different AgNWs were obtained by changing the
reaction conditions [40, 41].
2.2 Electrodes designing:
1% AgNWs suspension is re-dispersed well-using sonicator
for 10 minutes. Using 0.1% by weight of hydroxy
methylcellulose as a thickener, the AgNWs were made into
the formulated AgNWs ink, the dispersed AgNWs
suspension was then diluted to from 2 mg.mL-1 to 5 mg.mL1
. The final AgNWs suspension (ink) was then coated by
using a spin coater at 3500 rpm for 45 seconds on a clean
© 2022 NSP
Natural Sciences Publishing Cor.

equation (1) describes the first step in AgNWs synthesis,
that takes place by reacting Ag+ cations with chloride
anions to produce AgCl. Chloride anions play two
important roles in the synthesis of AgNWs by enhancing
the decrease of Ag+ and can regulate the silver
concentration[38, 42] and act as a capping agent beside
PVP that will passivates the (100) plane and help the crystal
growth in the (111) plane[43]. According to equations 2
and 3, the formation of Ag atoms (seeds) by reducing Ag+
cations with EG. Furthermore, the concentration of the
seeds will reach the level of supersaturation, where the
nucleation of Ag atoms will occur and begin to develop into
silver nanostructures[44, 45].
PVP has a high tendency to form coordination bonds
with several chemical compounds. the skeleton of PVP
which has a strong polar group (pyrrolidone ring) leads to
the ability to coordinate with many chemical compounds.
PVP plays a fundamental role in the arrangement of Ag+
cations by the adsorption of Ag+ cations on its surface.
Carbonyl polar groups(C=O) act as active sites that can
coordinate with Ag+ ions to form the PVP-Ag complex that
will be reduced to PVP-Ag+ to form AgNWs nuclei [42]
(scheme 1).
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Scheme 1. Silver nanowires growth mechanism.

If excess amount of PVP were used no AgNWs will be
formed because PVP will bind to all crystal faces of Ag
crystalline structure which will lead to the formation of
AgNPs [44, 45].
3.1 X-ray diffraction (XRD): Fig.1 shows The XRD pattern to examine the films of
AgNWs with different diameters coated on glass substrates.
The XRD data obtained were treated with the Malvern
Analytical software (X-Pert high score plus). XRD data
indicates that the crystals of the synthesized AgNWs have a
high crystalline structure. XRD data were fitted with
JCPDS No. 98-018-0878 and it showed a cubic crystalline
structure [46] (Fig. 1a). Also, XRD reveals five
distinguished characteristic patterns at 38.37°, 44.6°,
64.91°, 77.991°and 82.18°, which are crossponding to facecentered cubic (FCC) (111), (200), (220), (311), and (222)
planes, respectively. The crystal lattice structure constant
was observed to be 4.0861, in agreement with the standard
reported value of 4.0862 [37, 47, 48]. Moreover, The XRD
data obtained refers to crystal lattice (d) spacing values of
2.31 A° and 2.14 A° for AgNWs, crossponding to planes (1
1 1) and (2 0 0), respectively. These results suggested that,
high purity crystalline structures of AgNWs samples were
produced successfully [49]. Furthermore, the ratio of
intensity between (111) and (200) peaks showed a high
value of 3.5 compared to the theoretical value of 2.5 that

may suggest the enhancement of (111) crystalline planes in
the AgNWs [42].
Fig. 1(b,c) exhibits XRD patterns of AgNWs samples
with different average diameters of 16.87nm, 42.67 nm,
66.5nm and 105.4 nm, respectively. As was expected, XRD
patterns for various AgNWs diameters emerged at
approximately the same position but with varying
intensities. The values of crystalline dimension (Lave) for
different AgNWs were computed according to the Scherrer
equation (1) [47].
L"#$ =

𝐾𝜆
𝛽𝑐𝑜𝑠𝜃

(4)

where K is a dimensionless shape factor and the common
standard value approximately 0.9, λ is the Xray wavelength, 𝛽 is the line broadening at full width at
half maximum (FWHM) and 𝜃 is the Bragg ̓s angle. The
calculate (Lave) of AgNWs with different diameters were
shown in table 1. These values were observed to increase
with increasing of the average AgNWs diameter. Fig. 1(d)
shows the Amplification of (111) scattering peaks of
AgNWs with varying sizes. Peak broadening is due to both
instrumental and structural causes (that depends on the
lattice strain and the crystal size).
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Fig. 1: XRD pattern of AgNWs (a) with reference pattern, (b) corresponding SEM image, (c) XRD patterns with
different diameters and (d) XRD broadening.
3.2 Morphological characterization
SEM is one of the most used tools in scientific research
today because of its higher magnification, better depth of
focus, higher resolution, and simplicity of sample
observation. Fig. 2 shows the SEM of AgNWs with
different diameters at 500 nm. Fig. 1(a-d) shows SEM
images for AgNWs with different of 23.866 nm, 42.67 nm,
66.5 nm, and 104.5 nm, respectively.
3.3 UV-spectroscopy:
Surface plasmon resonance (SPR) will appear in the UV

(a)

(b)

spectroscopy that depends on the geometry and size of
silver nanoparticles [50]. Based on the various SPR bands
that appear at different frequencies, ultraviolet absorption
can be used to illustrate the shape and size of AgNPs [51].
Fig. 3 shows the UV absorbance peaks of AgNWs as a
suspension solution for different diameters of AgNWs. Fig.
3a illustrates that the UV of AgNWs suspension samples
with different diameters. The UV peaks were observed at
370nm, 376nm, 383nm, and 389nm for corresponding
AgNWs with average diameters 23.866 nm, 42.67 nm, 66.5
nm, and 104.5 nm, respectively. It is clear that by
increasing the wire diameter, the UV absorption peaks will

(c)

(d)

Fig. 2 SEM images of AgNWs with different diameters.

(a)
(b)
(c)
Fig. 3 UV-visible spectroscopy of synthesized AgNWs (a) average diameters 23.87nm, 42.78 nm,66.5 nm and 105.4
nm and (b and c) with average diameter 105.4nm (polydisperse sample) and the corresponding Gaussian fitting,
respectively.
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be going to a higher wavelength (red shift) and this is in
agreement with the previous research [40, 41, 52-54]. Fig.
3b illustrates the UV absorbance spectra of polydisperse
AgNWs suspension with an average diameter of 105.4 nm.
Three were observed, two of them had a Plasmon beak at
377 and 389 crossponding to AgNWs while the third peak
at 418 nm is characteristic for AgNPs that usually appears
around 420 nm. The corresponding Gaussian fitting of the
samples were shown in fig. 3(d).
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transmittance were 93.9 %, 91.5%, 86.7% and 77.6%
corresponding to AgNWs-TCFs with diameters 23.866 nm,
42.67 nm, 66.5 nm, and 104.5 nm, respectively. An inverse
relation between light transmittance and wires diameter was
obtained. The inverse relation could be attributed to the fact
that small diameter AgNWs leads to the formation of a
small layer thickness than AgNWs with thicker diameter,
and, the increase in light scattering with thicker AgNWs. It
has been reported that as the diameter of nanowires

Table 1. the calculated particle size based on XRD data.
AgNWs
Diameter

d-spacing

[°2Th.] x

[Å]

10-3

x 10-3

37.9 ±0.76

0.24 ±4.7

2.38 ±47. 5

40.5 ±0.81

Pos. [°2Th.]

(nm)

105.4

66.5

42.67

23.9

Particle

FWHM

size
calculated
Lave (nm)

44.1 ±0.89

0.18 ±3.5

2.10 ±41. 1

55.2 ±1.10

44.6 ±0.894

0.18 ±3.5

2.03 ±40. 7

55.3 ±1.11

64.2 ±1.28

0.18 ±3.5

1.45 ±29. 0

60.4 ±1.21

77.1 ±1.54

0.2 ±4.0

1.24 ±24. 7

57.6 ±1.15

48.1 ±0.96

0.32 ±6.5

1.24 ±24.

30.7 ±0.61

59.7 ±1.19

0.22 ±4.5

1.89 ±37. 8

46.8 ±0.94

62.2 ±1.24

0.22 ±4.4

1.55 ±31. 0

47.3 ±0.95

65.0 ±1.30

0.23 ±4.8

1.49 ±29. 8

45.0 ±0.90

76.7 ±1.53

0.24 ±4.8

1.43 ±28. 7

47.7 ±0.95

37.6 ±0.75

0.47 ±9.4

2.39 ±47. 9

20.3 ±0.41

43.9 ±0.87

0.41 ±8.3

2.06 ±41. 2

15.8 ±0.32

44.4 ±0.88

0.30 ±5.9

2.04 ±40. 8

33.1 ±0.66

64.1 ±1.28

0.65 ±1.3

1.45 ±29. 1

16.5 ±0.33

72.1 ±1.44

0.71 ±1.4

1.31 ±26. 2

23.6 ±0.47

37.45±0.75

0.48±9.6

1.93±38

19.77±0.39

44.95±0.89

0.43±8.6

1.89±37. 8

22.8±0.46

44.1±0.88

0.30±6.0

1.88± 37

32.46±0.65

64.83±1.29

0.65±1.3

1.51±3.02

16.00±0.32

76.97±1.54

0.76±1.5

1.33±18.8

15.19±0.30

(a)

(b)

(c)

3.4 Performance of AgNWs-TCF:
The design of good flexible conductive transparent
electrodes has attracted the attention of a lot of scientists
and researchers in recent days. Transparent conductive
electrodes with high performance should have excellent
electrical conductivity, high optical clarity, good
mechanical properties, and flexibility. These properties can
be obtained by raising the aspect ratio of silver nanowires.
Fig. 4. shows optical properties of the designed
AgNWs-TCFs that were prepared by adding 2 mg.mL-1 of
different AgNWs diameters suspension to a glass substates.
Fig. 4a shows the relation between AgNWs-TCFs diameter
and light transmittance. The calculated values of

(d)
Fig. 4: AgNWs-TCFs prepared with different diameters from
3mg.mL-1 AgNWs suspension (a) Transmittance (at λ= 550
nm), (b) optical haze, (c) Transmittance vs AgNWs
diameters, (d) sheet resistance vis AgNWs diameters.
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increases from 10 nanometers to 100 nanometers, the
efficiency of nanowires to block light increases rapidly
from 3% to 147% [55]. Transmittance peaks had been
observed at wavelengths of 368 nm, 375 nm, 381 nm, and
387 nm for AgNWs with average diameters 23.866 nm,
42.67 nm, 66.5 nm, and 104.5 nm, respectively. The peak
positions of the AgNWs coated sample showed the same
trend as the AgNWs suspension samples but at lower
wavelengths compared to the AgNWs suspension sample
and this trend is in agreement the previous study [40].
Consequently, optical haze and AgNWs relation were
displayed in fig. 4b. Optical haze depends on the optical
transparency, and it was calculated according to the
following equation:
Haze% =

𝑇𝑑
∗ 100,
𝑇𝑡

(5)

transparency and lower haze than those designed by using
AgNWs with higher diameters. [57].
Fig. 5 shows AgNWs suspension ink used for coating glass
substrates and different AgNWs-TCFs. 10 mg.ml-1 AgNWs
suspension ink with an average diameter of 23.87nm was
shown in fig. 5a. Fig. 5b shows the AgNWs-TCF which
was designed by adding 3 mg.mL-1 suspension ink with
measured resistivity of 14 ohm/seq. Consequently, fig. 5c
shows a photographic image for different AgNWs-TCFs
made with AgNWs suspension ink of 23.78nm diameter but
with different concentrations of 2 mg.mL-1, 3 mg.mL-1, 4
mg.mL-1 and 5mg.mL-1 and their crossponding sheet
resistances. highly transparent and homogeneous films
were obtained as shown in fig. 5c. Also as was expected the
lowest sheet resistance of 2.3 ohm associated with less
clarity was observed for the AgNWs-TCFs designed with
concentrated AgNWs suspension of 5mg.mL-1.

Where Tt The total transmittance and Td the diffuse
Transmittance where, Tt is calculated according to the
following equation:
T𝑡 =

𝑇2
,
𝑇1

(6)

Where T1 is the incident the transmitted light, T2 is the
light transmitted from the sample, while (Td) is given by
equation (7):
DE

Td =

𝑇4 − 𝑇3 ( )
DF

𝑇1

,

(7)

(a)

Where T3 is the light scattered by the instrument and T4 is
the total light scattered by the sample and the instrument
together. The final relation of calculated haze is given by
equation (8): [56]:
Haze% =

𝑇4 𝑇3
−
𝑇2 𝑇1

(8)

Fig. 4b shows the optical haze of AgNWs with different
diameters. optical hazes were found have values of 1.9 %,
2.7%, 3% and 3.4% for the corresponding AgNWs- TCFs
with diameters 23.866 nm, 42.67 nm, 66.5 nm, and 104.5
nm, respectively. As was expected the haze value will
increase with increasing the wire diameter [57].
Fig. 4c summarizes the relationship between light
transmittance and wire diameters. The figure exhibits that
light transmittance is inversely proportional to the wire
diameters as mentioned previously. Also, the relation
between the sheet resistance of the AgNWs-TCFs which
were designed by 3 mg. mL-1 AgNWs suspension ink and
AgNWs diameters were shown in fig. 4d. It can be
concluded that AgNWs-TCFs which were designed by the
from AgNWs with a small diameter exhibited higher

© 2022 NSP
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(b)

(c)
Fig. 5: AgNWs with average diameter 23.78 nm and its
transparent conductive films: (a) 10 mg.mL-1 AgNWs
suspension ink, (b) image of measured sheet and (c) image
of AgNWs -TCFs coated by AgNWs with diameter 23.78
nm with different AgNWs concentrations.

Int. J. Thin. Fil. Sci. Tec. 11, No. 1, 123-132 (2022) / http://www.naturalspublishing.com/Journals.asp

Fig. 6a show the transmittance of different AgNWs-TCFs
made with an average diameter of 23.78 nm but with
different AgNWs ink concentrations. Transmittance values
of 93.9%, 91.5%, 87.9% and 81.3% were observed which
are corresponding to AgNWs suspension inks of 2 mg.mL-

(a)

(b)

129

1

, 3 mg.mL-1, 4 mg.mL-1 and 5 mg.mL-1 respectively.
Increasing of ink concentration will lead to a reduction of
transmittance peak, which is attributed to the increasing of
thin-film thickness and accordingly, as the layer gets
thicker it will block the light coming through.

(c)

Fig. 6: AgNWs transparent conductive films prepared by AgNWs
suspension ink with diameters 23.78 nm with different concentrations;
(a) Transmittance (at λ= 550 nm), (b) optical haze, (c) Transmittance vs
sheet resistance, (d) concentration of AgNWs suspension ink mg.mL-1
vis sheet resistance.

(b)

(a)

(b)

(c)

Fig. 7: Photos of the conductive thin film (sample AgNWs with diameter
23.97 nm) with an LED and battery, (a) LED was of at open circuit, (b)
LED glowed at the closed circuit, (c) bending test of the film and (d)
twisting test of the film.

(d)

© 2022 NSP
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In addition, fig. 6b shows the relation between the optical
haze and different AgNWs-TCFs. Optical haze values were
found to have a direct relation with AgNWs suspension ink
concentration. Fig. 6(b,c) shows the relation between
transmittance and AgNWs suspension concentration with
sheet resistance for AgNWs-TCFs prepared by different
AgNWs suspension ink with an average diameter of 23.78.
sheet resistance values were found to be 74.87Ω, 14.03 Ω,
12.01 Ω and 2 Ω for the corresponding transmittance of
93.9%, 91.5%, 87.9 and 81.3% respectively (fig. 6c).
Similarly, fig. 6d indicated that the sheet resistance values
were inversely proportion to AgNWs ink concentrations.
3.5 Flexible AgNWs-TCFs:
The flexibility of the AgNWs-TCF was studied by
connecting it to a small LED and a battery. At both ends of
the film, thin copper foils are used as electrodes and were
glued on the top of the AgNWs-TCF layer. Flexible
AgNWs-TCFs are shown in fig. 7. The Figures indicated
usability of AgNWs-TCFs as a flexible and conductive
electrode. The bending or twisting were made for the same
electrode up to 100 times in this test with no apparent
change in both optical and electrical properties were
observed. These results look promising for the application
of flexible AgNWs in future applications.

4. Conclusion
The current reperch used polyol technique to synthesize
silver nanowires with excellent uniformity and controllable
size. AgNWs morphology was characterized by SEM and
XRD. Optical characterization had been done and it was
found that a redshift in the absorbance spectra was
observed by increasing the wire diameter at the same time
the electrical conductivity was found to increase with the
increasing of wire diameters. Accordingly, the best optical
and electrical properties was obtained with AgNWs have
average diameter of 23.87nm. The fabrication of AgNWs
thin film had been done successfully with good
homogeneity, high transparency excellent electrical
conductivity. Optimum condition for Spin coater was
adjusted to coat AgNWs on glass substrates, whereas
AgNWs were coated on PET by using Meyer rods.
AgNWs-TCFs were obtained with high flexibility and high
transparency (91%, low sheet resistance (14.3 Ω/□) and
optical haze less than 2%. The properties of the designed
AgNWs-TCF., met the requirements for the manufacture of
future flexible optoelectronic and sensor equipment.
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